Abstract This paper analyses a number of aspects related to the estimation of the design flood for a dam. A new approach to the estimation of the probable maximum precipitation (PMP) is described which takes advantage of the spatial variability of precipitation by using radar-derived distributed rainfall measurements. Procedures which utilize storm transposition and storm maximization are introduced to estimate the probable maximum flood (PMF) and are compared with regionalized statistical methods based upon the Wakeby and generalized extreme value distributions.
INTRODUCTION
In recent years major efforts have been directed at determining the safety of dams in the United Kingdom and elsewhere. This may well be explained by the fact that the water retained by a dam has the potential to cause extensive loss of life and considerable economic damage in the downstream flood plain in the event of dam failure. On average, about ten significant dam failures have been registered somewhere in the world in each of the last four decades and many more damaging near failures have occurred. Numerous reports have been written on the subject of dam failures and the causes attributed to those * Part of this paper was presented at the Second Anglo-Polish Workshop held at The University of Birmingham, Birmingham, United Kingdom, August 1988.
Open for discussion until 1 April 1991 disasters (eg. Biswas & Chatterjee, 1971; Blind, 1983; Charles, 1984) . From those reports there seems to be a general agreement that about one-third of the failures can be traced to inadequate spillway capacity.
Throughout the evolution of dam design, various methods have been used to estimate spillway design floods. The application of a number of different techniques is evaluated in this paper and some of their advantages and disadvantages are discussed. A new approach to the estimation of the probable maximum precipitation (PMP) is introduced which takes advantage of the spatial variability of precipitation events by using radar-derived distributed rainfall information. Procedures for storm transposition and storm maximization are presented and the unit hydrograph method is employed to estimate the probable maximum flood (PMF) .
Results are compared with those obtained by the application of both Wakeby and generalized extreme value distributions, these statistical functions being fitted by the method of probability weighted moments and used both for at-site and for regional analyses. An investigation of the effects of removing or not removing outliers and short length records from annual maximum series was carried out. A case study is presented in which the techniques were applied to the Stocks reservoir in the North West of England.
AN APPRAISAL OF SOME METHODS FOR DESIGN FLOOD ESTIMATION
Perhaps the oldest and most utilized method of developing spillway design floods involves enveloping the recorded extreme flood events that have occurred in the general location of the catchment in question. This is probably the simplest of all the procedures for design flood estimation. The method, however, presents some shortcomings, such as: (a) data on extreme floods are usually not sufficient for an extensive range of catchment sizes; (b) the peak flows for extreme events are rarely measured with stream gauging equipment, being routinely estimated from readings of maximum water levels extrapolated from stage-discharge curves, which produce, sometimes, data of poor quality; (c) data from large areas, which may not be homogeneous, have sometimes to be combined to achieve a large enough sample size, and if so, different flood types (e.g. rain floods and snowmelt floods) will be plotted on the same curve; (d) the appropriate frequency of occurrence for estimates obtained from the enveloping curve and the related "flood" formulae cannot be well defined; (e) catchment characteristics other than area are not usually taken into account; (f) many of the higher points may represent catchments which, because of unfavourable conditions of slope, land use, precipitation regime, etc., have a relatively greater flood-producing capacity than on other more favourably situated basins; and (g) the occurrence of a new extreme flow can make the previously calculated relationships obsolete. A different approach for the estimation of spillway design floods is based upon the probability of events being exceeded in any given year. This statistical approach has been widely used, despite some major drawbacks. One of the problems is the fact that the selection of the design flood can vary considerably, depending upon the method of statistical analysis adopted. Kite (1977) has stated that the flood records usually available yield 100-year flood estimates with significant uncertainty. To estimate the design flood for a dam spillway, the statistical curves have always to be extrapolated into a realm of considerable uncertainty and the analyst has often to rely upon data lacking either quality or quantity or both.
When a long streamflow record is available, it is possible not only to obtain from the data information about the choice of distribution, but also to have some reasonably good estimates (often described as at-site estimates) of a flood with an associated return period. On the other hand, if a long record is not available the process becomes more complex and the estimates obtained are neither so accurate nor so realistic, especially when the statistical function has several parameters to be estimated. In this situation the knowledge from grouped stations may be used in the form of a regional curve, utilizing all records in a region. These data are used to build up the curve by averaging ordinates of individual probability plots in ranges of values of a reduced variate. They are extended by splitting the records into groups which are assumed reasonably independent, and by plotting the highest floods against the plotting positions appropriate to the distribution and corresponding to the number of years of record in the grouped stations. This regional approach is extended to make use of historical records. As defined by NERC (1975) , a regional curve is essentially a frequency distribution of the so-called growth factor, Q/Q BAR > which is the ratio of the T-year flood, Q, to the mean flood, Q BAR -It associates a return period T with Q/Q BAR and this relation is assumed to be valid for all catchments in one region, or alternatively to represent the mean of the different relationships for the different catchments in the region.
The economic approach to developing estimates of spillway design floods combines flood peak probabilities with associated damages and varies the size of spillway design flood until total annual costs (construction and failure) are minimal. This method involves subjective and extremely difficult decisions such as assignment of economic values to various intangible and incommensurate items such as human life.
An alternative approach used to estimate spillway design floods involves the concepts of probable maximum precipitation and probable maximum flood. They are based upon the principle that since every physical process has a natural limit, there is equally an upper limit to the amount of precipitation that can fall over a specific area in a given duration. This limit was once known as maximum possible precipitation, MPP. After about 1950, this term was changed to probable maximum precipitation, PMP, chiefly as a result of inadequate data and knowledge of the meteorological processes which led to uncertainties about any estimate of maximum precipitation. The most widely recognized definition of probable maximum precipitation has been that formulated by the World Meteorological Organization (1986) . It expresses the PMP as "the theoretically greatest depth of precipitation for a given duration, that is physically possible over a particular drainage basin, at a particular time of the year". The PMP is an approximate value rather than an exact quantity. In addition, various methods may lead to different but equally valid estimates of the PMP. The accuracy of PMP estimates will depend upon the quality or refinement of data and the technical knowledge and ability of the analyst. If any of these factors are improved, either by using more precise equipment for precipitation measurement or by introducing an improved technique, the PMP will become more reliably estimated.
It is possible using PMP estimates to evaluate the probable maximum flood, PMF. This is the flood that has been defined as the largest flood that can reasonably be expected in a certain region (Corps of Engineers, 1975) . Its value, or a specific percentage of it, may be and has been accepted in several parts of the world as the inflow design flood for high hazard structures, or more specifically, for dam spillways where failure of the dam through overtopping would increase the danger to people and properties.
Determination of the probable maximum flood is based upon a rational assessment of the likelihood of a simultaneous occurrence of several extreme conditions or elements which contribute to the flood (US Bureau of Reclamation, 1977 ). It has been described (Corps of Engineers, 1966) as "the most severe reasonably possible" flood which may be predicted to occur at a site. It is quite difficult, however, to establish what this expression really means and how one can define an event with such characteristics. This requires an attempt to define the probable maximum flood in probabilistic terms.
ESTIMATING THE RETURN PERIOD OF THE PMF
The major inconvenience in the use of the probable maximum flood, or a percentage of it, as the design flood for a project, is the difficulty in assigning the return period associated with that flood. Newton (1983) has used an annual probability of 10~7 to realize the objective of "virtually no chance of being exceeded". Buehler (1984) , in a discussion of the work by Newton, has showed "a solid conviction" in assigning "the practical, high probability of 10" 6 for analyses of economic risks in many projects and programs, not just dams". Buehler has supported his argument by presenting an example of a simple analysis of risk, where the average annual failure costs of a dam showed a rapid drop when the rarity of the design flood (i.e. the spillway capacity) increased. As stated by the National Research Council (1985) , these target values would ideally be a function of the region of the country in which one was working, and the size of the catchment of interest should explain variations in the return period of the PMF. The US Bureau of Reclamation (1981) has used a log-log plot to extend the empirical frequency curve from the 100 year flood to the PMF. What they have actually done was to make the 0.4 PMF equal the 500 year flood, no matter what the size of the 100 year flood or the return period assigned to the PMF. Problems arise, however, when it is attempted to make the flood frequency curve approach the PMF curve asymptotically. Considering the PMF as the maximum possible flood can yield physically implausible bimodal flood distributions that can distort risk-cost analyses.
Various approaches based upon statistical analysis of regional storm data have been proposed to extend flood frequency estimates to the probable maximum flood (e.g. Alexander, 1963; Newton & Cripe, 1973; Newton, 1980; Newton & Herrin, 1981; Yankee Atomic Electric Company, 1984; Cornell, 1985; Richards & Wescott, 1986) . The basic assumptions are the same. It is considered that at the PMF level, the storm probability closely approximates the flood probability in areas where floods are not caused by snowmelt. This is because the PMF is based upon a postulated occurrence of probable maximum precipitation of critical duration and areal distribution. As a result, there is just one storm event which would create the volume of rainfall necessary to produce a PMF. The probability of the flood will differ from that of the PMP to the extent that flood peaks vary depending upon some factors including: (a) the time distribution of rainfall within the storm period; (b) the areal distribution of rainfall over the catchment; and (c) variations in antecedent moisture conditions. The questions to be answered are then: (a) what is the probability of a storm occurring in a region that is meteorologically homogeneous with the catchment being evaluated; and (b) what is the probability that the storm will occur on the catchment? The relationships used to define storm probabilities are as follows: (a) the annual probability, P Kgion , that a storm of a given depth, area and/or duration will be exceeded in a homogeneous region is the number of storms that have occurred in the homogeneous region divided by the number of years for which there is a complete storm record; (b) the probability that a storm will occur over the specific point or catchment, P catchment > is the area of the storm and/or catchment divided by the area of the homogeneous region; and finally (c) the annual probability that a storm with a given duration and depth will be exceeded on a particular catchment is the product of P resion and
The various approaches differ in the calculation of the probabilities (for a review of the techniques, see Herrin (1986) ). In addition, they provide only an order-of-magnitude estimate of the probability of large storms occurring on a particular catchment. The methods involve extreme subjectivity and their application can certainly produce different results.
THE PRESENT INVESTIGATION
Three computer programs were utilized in the present study and they are briefly described below.
The STATFLOW program was written for the present investigation and its first objective is to calculate the statistical properties of the streamflow records so as to detect data with abnormal properties. The program estimates the mean and the variance (both generally give a reasonably good idea of the sample and of its qualities). The coefficient of variation is also estimated. A sample with low coefficient of variation is usually said to be representative, i.e., it contains a lot of information about the random variable. A series with coefficient of variation greater than 0.6 should be analysed and considered with caution. The coefficients of skewness and kurtosis are also estimated by the program, giving an idea of the shape of the distribution curve. A detailed examination of the series is often required when it presents a coefficient of skewness greater than +1.5 (negative skew does occur but it is usually small), and kurtosis in excess of 7.0. The program also selects the outliers of the sample, when these are present. The procedure followed for the determination of possible outliers was that indicated in the UK Flood Studies Report (NERC, 1975) : Q is an outlier if Q > ZQ^p, where Q MFn = the median of the sample.
The program can also estimate floods with associated return periods through the application of Wakeby and generalized extreme values distributions. The 5-parameter Wakeby distribution was introduced by Thomas (quoted in Landwehr et al., 1979) . It has been the focus of a number of studies (e.g. Houghton, 1978 . The statistical properties of a random variable distributed as Wakeby are presented in Landwehr et al. (1978) . The other statistical function considered in this investigation, the three-parameter generalized extreme values distribution, was developed in 1955 by Jenkinson (quoted in Hosking et al., 1984) and it has been widely used for modelling extreme flood events. The functions gathers into a single structure the three possible types of limiting distribution for extreme values presented by Fisher & Tippet (1928) . The GEV distribution (fitted by the method of maximum likelihood) was postulated in the UK Flood Studies Report (NERC, 1975) as the best statistical function for predicting floods.
The adjustment method used in this paper has been extensively analysed in the current literature and its performance assessed through a number of experiments. It was suggested by Greenwood et al. (1979) , as a method for characterizing distributions which can be expressed as an inverse function, and has been known as probability weighted moments, PWMs.
Both the FSR statistical and the FSR unit hydrograph techniques (see NERC, 1975) are incorporated in a commercially available computer program called FLOWPRED IL The original FLOWPRED was written specifically for use in the Northumbrian Water Authority area in order to reduce much of the time-consuming work involved in obtaining FSR flood estimates, but it was later extended in order to make the system applicable throughout the UK. The newest version of the program incorporates not only the FSR techniques but also several procedures outlined in supplementary reports (notably on urban flood estimation) and in ICE (1978) . More details about the program may be found in Archer & Kelway (1987) and a comprehensive description of the computing routines may be found in Walton Systems (1985) .
The program requires input of some basic catchment characteristics (e.g. area, slope of stream, main stream length, rainfall, etc.) and provides the following as output: (a) FSR statistical estimates for Q(T); (b) FSR (unit hydrograph) estimates for Q(T) together with the complete hydrograph; (c) FSR (unit hydrograph) probable maximum flood estimates; and (d) enveloping curve estimates for maximum floods: Creager, Myers-Jarvis and the ICE acute catastrophic flood. The RADMAX program (Pessoa, 1989) was devised in order to undertake the following tasks: (a) display on a computer screen the boundaries of a specific catchment, which is represented by a discrete network of squares (i.e. grid-square representation); (b) read radar-derived extreme rainfall data for every catchment element at 15 min intervals; (c) display radar information; (d) change the relative position between storm and catchment, in such a way that the storm can be seen on the computer screen passing across the catchment as if it had occurred over the catchment; and (e) maximize the transposed storms: to do so three steps are followed (see Fig. 1 ):
The storm event is maximized in time firstly by selecting a particular time duration and an initial time of simulation; and thus a hydrograph is obtained. The initial time is then lagged (Le. shifted ahead) by one 15 min radar frame and a new hydrograph is obtained. The process is repeated for the whole storm event, always considering the selected duration, and the initial time which corresponds to the largest peak flow hydrograph obtained is chosen; (ii)
'tracking' maximization The actual direction the storm travelled is kept unchanged and three different storm tracks are simulated. The one which produces the highest peak flow hydrograph among the three simulated events is selected; and (iii) 'moisture' maximization Moisture maximization is carried out through the utilization of recorded maximum values of dew point temperature (precipitable water). All radar pixels (which are, in general, square surfaces of 2 km or 5 km side, in the UK) are multiplied by the factor PMC = MRD/MOD where PMC is the pixel multiplication coefficient, MRD is the maximum recorded 12 h 100 mbar persisting dew point temperature from the historical record, and MOD is the maximum observed dew point temperature for the time of the year when the storm occurred. (f) derive the probable maximum flood from the transposed and maximized extreme storm (i.e. the storm which produces the probable maximum precipitation): two different approaches can be followed: (i) the lumped approach through the application of the UK Flood Studies Report unit hydrograph technique together with the tabular method for reservoir routing presented by Hall & Hockin (1980) (this approach is presently implemented); or (ii) the distributed approach through the utilization of two hydrological grid square models, RADEN (Pessoa, 1986) and GBDM (Yu, 1988) (this approach will be implemented shortly). 
-The storm initial time will be the one which produces the most extreme peak flow hydrograph
The storm direction of travel is kept in the transposition. Three different storm tracking are simulated. The one which produces the most extreme peak hydrograph will be considered.
Fig. 1 The three maximization (a) "initial time" maximization; (c) "moisture" maximization.
Continuous lines indicate maximum persisting 12h 1000mb dew point temperatures for the same time of the year the storm occured.
processes (Cluckie et al, 1989) (Seddon, 1971) .
Stocks Dam, which was completed in 1932 and is 336 m high, comprises an embankment with a puddle clay core supported by shoulders of boulder clay and protected by stone pitching on the upstream face. The lowest point on the crest of the dam is at a level of 183.6 m a.m.s.L. Overflow from the the reservoir takes place over a side weir 91.5 m long with a crest level of 181.8 m a.m.s.l. into a channel about 9.2 m wide having masonry walls and concrete invert. The channel outlet comprises three 2.4 m diameter culverts, on the left abutment of the embankment, discharging into the River Hodder (Seddon, 1971) .
The normal maximum enveloping curve adopted by the Institution of Civil Engineers Committee on Floods in Relation to Reservoir Practice is shown in Fig. 2 . In recent years floods with peak intensities in excess of three times the values indicated by the curve have been recorded. Some of these (Seddon, 1971) .
floods are plotted in Fig. 2 ) which is slightly above the value obtained from the normal maximum enveloping curve in Fig. 2 (Seddon, 1971) .
As stated by Seddon (1971) major floods can occur from a combination of heavy rainfall and melting snow. However, since the maximum recorded UK rainfall intensity has occurred in the months of May-August and the two largest recorded floods have occurred in August, a combination of maximum rainfall and snow melt was not studied. It was also assumed that the design storm adopted in the analyses would be preceded by fairly light antecedent rainfall which would fill the reservoir to spillway level. The work by Seddon (1971) presents the various aspects (rating curves, fetch, wind speed, wind direction, etc.) which were used to re-evaluate the design flood for Stocks. It seems irrelevant to repeat all the information in this paper. The following paragraphs, however, describe some of the results obtained.
The Stocks catchment is made up of the direct catchment of the River Hodder (2690 ha) and the Bottoms Beck sub-catchment (1060 ha) which discharges into the north east corner of the reservoir. Two different values of "normal maximum" floods into the reservoir can be derived from the ICE normal maximum curve (Fig. 2) ). The lower of the above two maximum inflows, which is based upon a uniform rainfall distribution, is between three and four times the "normal maximum" floods for Stocks depending upon whether it is treated as one or two catchments. It is therefore of the same order of magnitude as might be deduced nowadays from the data in the ICE flood report, because, as previously described, floods in excess of three times the values indicated by the normal maximum enveloping curve shown in Fig. 2 have been recorded in recent years at catchments in the UK (quoted in Seddon, 1971).
As stated by Seddon, preliminary calculations and hydraulic model tests showed that the discharge capacity of the existing spillway culverts is limited to about 99 m 3 s" 1 depending upon the adopted spillweir level. At discharges slightly above 99 m 3 s" 1 the head wall at the culvert entrances would be overtopped and part of the excess outflow would discharge over the downstream face of the main earth embankment. In the light of the results of site investigations and laboratory tests and of the Fylde Water Board's study of possible future developments, it was concluded that the height of the dam could be raised from 181.8 m a.m.s.l. to 187.8 m a.m.s.l. which would provide 5.7 x 10 6 m 3 of additional storage; alternatively the spillway capacity could be enhanced by the construction of a chute on top of the culverts.
The first purpose of this study is to investigate the performance of the Wakeby (WAK) and the generalized extreme value (GEV) distributions. The parameters of both statistical functions were evaluated using the method of probability weighted moments (PWMs). The Wakeby distribution has been widely recognized by its great versatility and robustness and the GEV distribution was originally pronoted in the UK Flood Studies Report (NERC, 1975) as the best statistical function for predicting floods when the parameters are estimated by the method of maximum likelihood. Both Wakeby and GEV with their parameters estimated by the PWM method (utilized in this investigation) have been shown to give a good performance in regional flood estimation.
For this study floods of the following eight return periods were chosen to be estimated: T = 2, 10, 20, 50, 100, 500, 1000, and 10 000 years. Records of annual maxima were used as they constitute a series of statistically independent events, i.e. the peak flow in any year was assumed to be independent of peak flows in other years. The series of annual maxima (rather than monthly, daily, etc.) was therefore used as an attempt to remove any seasonal effects. Flood estimations were chosen to be derived for the "Hodder at Higher Hodder Bridge", a flood gauging station identified by the reference number 71803 and located downstream of the dam. Henceforth, this site will be referred to as the "key" station. At the time this investigation was carried out, only nine years of record at the key station were available. In view of the general unreliability of single site estimates for higher return periods (say 1000 or 10 000 years), such predictions have not been considered in this investigation. In fact, any extrapolations from the available nine years of record to the 10 000 year flood would be unwarranted optimism on the part of the analyst.
In the UK Flood Studies Report (NERC, 1975 ) the United Kingdom was divided up into ten geographical regions. The area chosen for this investigation was region "10", and Stocks reservoir is entirely located within this region.
The following question rises at this stage of the analysis: "How is a homogeneous region defined in practice?". The UK Flood Studies Report used geographically contiguous regions defined by arbitrary boundaries. This certainly leads, however, to inconsistencies at the region boundaries, where two adjacent regions may have quite different regional curves. An alternative to the geographical regionalization technique has been suggested by Hosking et al. (1984) , which focusses upon the homogeneity of catchments with respect to the coefficients of variation of the flood records. There have also been suggestions of establishing skew maps and using these for regionalization purposes (Wallis et al, 1977) . A relatively new option to these regionalization techniques has been presented by Acreman & Hosking (1985) who analysed the possibility of using the so-called "hydrologically homogeneous catchments". This method is based upon the assumption that catchments with similar areas, slopes, soil conditions, rainfall inputs, etc., also have similar flood characteristics. It must be stressed that this method is far more time consuming but may lead to some better estimates of the T year flood. A different approach, however, was used in this study as may be seen below.
In this investigation it was assumed that the "Hodder at Higher Hodder Bridge" flood gauging station was the centre of the region. The method consists of starting with estimations at the key station, then working out radially from that site, including the records from further stations as they are encountered. The sites, therefore, were added with no preference for the number of years of data, for data variability (measured by the coefficient of variation of the series), or for any other criterion whatsoever.
The stations were ordered according to their distance from the key station and were numbered from 1 (the key station) to 32 (the furthest station). Table 1 shows the flood gauging stations with their reference numbers, names, and number of years of record. The total number of station-years used in the investigation was 602, which seems to be a data base large enough to produce the regional prediction curves.
In the procedure for selection of stations, only those sites on the west side of the Pennines were considered. Hence, the stations used are those located between the coast of the Irish Sea and the foothills of the Pennines. This was undertaken in an attempt to avoid any major orographic influence upon the processes of storm formation. As a consequence, the recorded floods for all the stations used in this analysis were assumed as having been produced by storms with a similar general characteristic. A major problem in the selection of stations for the regional analyses was to determine how large a region could be in order to be considered homogeneous. A question, therefore, still persists: "Is the assumption of homogeneity valid and is it going to provide a general view of the flood variation within the region?" Another point which seems worth mentioning here is that the independence of all annual maxima within the region might also be questioned, since some stations are very close together.
RESULTS OF THE DETAILED ANALYSIS
The results of the regional analyses carried out in this case study for both WAK/PWMs and GEV/PWMs are presented in Fig. 3(a) In the present analysis, sites with seven years of records or less were considered as "short length record" sites. the short length record sites at the same time.
Similar regional analyses were carried out (Figs 6 and 7) considering, at this time, neither outliers nor short records. Table 2 presents the main results derived in this investigation for the Stocks reservoir. Results indicated by "FSR" are related to a relatively wide range of different techniques presented by NERC (1975) . For further information, the UK Flood Studies Report (NERC, 1975) , Vol. 1, p. 14, Fig. A .l summarizes the adopted criteria. Table  2 presents, also, the probable maximum flood estimated for the Stocks 
DISCUSSION OF THE RESULTS
Three outstanding events (outliers) were detected in the data set and five at-site series have a quite short amount of information (seven years or less). In spite of these occurrences, the data in general comply with the statistical requirements mentioned earlier in this paper for the STATFLOW computer program and can, therefore, be considered as being of good quality.
Figures 3(a) and 4(a) seem to be in general agreement. Hence, it is possible to say that the results are coherent and logically consistent. However, if the scales of both graphs are taken into account it is possible to observe some important differences between WAK/PWM estimates and GEV/PWM estimates. In most cases WAK/PWMs showed estimates somewhat higher than those obtained by GEV/PWMs, which became particularly significant for return periods greater than 100 years.
From Figs 3(a) and 4(a) it is also possible to verify a great variability of curve shapes, particularly when the third station was included. This station is one of the three where the presence of outliers was detected. It may also be observed from the same two Figures (3(a) and 4(a) ) that after the inclusion of the twentieth site (which represents an accumulated total of 386 station-years), the estimates levelled out and became comparatively stable, presenting a relatively low fluctuation. It may be concluded, consequently, that data bases with more than 300 station-years can be considered in a quite good condition in terms of quantity of information and that the addition of more records may not materially affect the outcome of any future analysis.
From Figs 3(a) and 4(a) it may also be concluded that WAK/PWMs requires more data for the 10 000 year curve to level out. The 10 000 year flood may be reasonably well estimated with 300 station years in GEV/PWM predictions, but with no less than 400 station years in WAK/PWM predictions. This may be explained by the greater number of parameters of the Wakeby distribution, which demands more information for their derivation. Both Figures, however, show consistency in the estimations for the lower return periods (T = 2, 10, 20, 50 and 100 years), which showed stability with less than 50 station years, for Wakeby and GEV. By comparing Figs 3(b) and 4(b), it is possible to infer that Wakeby estimates, in general, undergo more fluctuations, because they show a greater variability for the whole range of return periods used in this analysis.
The process of removing outliers leads to a dramatic effect upon at-site estimates. However, since at-site predictions are not reliable by themselves, no •2«-)
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? 5 *£*« §> till SI III real solution can be given. It must be pointed out, however, that the greater the outlier in relation to the median of the sample (Qj^gp), the greater the differences observed in the prediction curves by removing the outlier from the series (station 71004 has the most extreme outlier). This effect, however, can be damped according to the length of the records. In considering outliers, it must be understood that when they are included in a fitting process it is assumed that they occur far more frequently, since at-site record lengths are usually no more than 35 years long. Consequently, the effect of removing an outlier from a series is considerably more significant in cases of short record length sites. From Fig. 5(a) one can verify that Wakeby estimates were a bit more sensitive to the effect of outliers than were GEV estimates. A thorough analysis of outliers has been carried out by Hawkings (1980) and Bamett & Lewis (1978) which offer a statistician's perspective of the problem. The effect of short records upon regional estimates was also considered in the present analysis. As stated by Greis & Wood (1981) , the inclusion of very short record length sites in regional estimates can result in loss of quality of results. This effect may occur when the computer programs estimate the individual at-site moments in the case of a site which lacks information. As a consequence, the uncertainty may be increased at the time the programs average the moments to make them regional. The eventual effect is that the regional estimates for sites of longer records deteriorate and the predictions for shorter sites improve. It is questionable, therefore, whether short record length sites should be considered. Fig. 5(b) shows the effect of removing short record length sites in full regional Wakeby and GEV estimates. As may be seen from Fig. 5(b) , Wakeby estimates were a bit more sensitive to the effect of short record length sites than GEV estimates.
As expected, when the outliers were excluded from the series (Fig.  5(a) ) the accuracy of the predictions decreased, and when the short record length sites were removed (Fig. 5(b) ) the accuracy increased. The effect of removing the outliers, however, was far more significant than the effect of removing the short record sites. Thus, removing both outliers and short record stations (Fig. 5(c) ), is a conservative measure.
It is possible to observe in Figs 3(a) and 4(a) the effect of including the outlier of the third station (71004) upon the fluctuation of the estimates. One can also verify that the outlier in GEV/PWMs produced a growth factor approximately equal to 9 while in WAK/PWMs the growth factor was around 19, which shows the greater sensitivity of WAK/PWMs in dealing with outliers. The variability of WAK/PWMs and GEV/PWMs is represented in Figs 3(b) and 4(b). From these Figures it is possible to perceive the generally higher oscillation of WAK/PWM estimates for the entire range of return periods considered in this study. In addition, a significant difference was observed in CVfor the 10 000 year flood (about 0.56 for WAK/PWMs against about 0.35 for GEV/PWMs).
Figures 6 and 7 were produced in order to verify the significance of the influence of outliers and short record length sites upon the resultant graphs. As may be seen from these Figures, the variability of the flood estimates was considerably reduced by the exclusion of outliers and short records, but WAK/PWMs persisted with a CV much higher than GEV/PWMs. However, by a comparison between Figs 3(a) and 6(a) and between Figs 4(a) and 7(a), one may say that when outliers are not considered in regional estimations the curves level out earlier, i.e., less station-years are necessary for the stabilization.
In a general observation of Table 2 , the extreme floods derived in this paper seem to be in agreement. In addition, the probable maximum flood derived by the RADMAX procedure seem to be within acceptable limits when it is compared with both the floods derived by the other techniques shown in the Table and with those floods derived previously.
CONCLUSIONS AND RECOMMENDATIONS
Current practices concerning dam safety standards throughout the world vary widely and there is widespread uncertainty as to what might be the appropriate hydrological criteria for the safety of dams. There seems to be, however, a general consensus on the use of probable maximum precipitation estimates for evaluating spillway capacity requirements for large, high-hazard dams, although the full estimated probable maximum flood based upon the probable maximum precipitation is not always required. This investigation has introduced a new approach for the estimation of spillway design floods, in which distributed radar-derived rainfall data are used for storm maximization studies. In addition, considerable work has been carried out on the suitability of the method of probability weighted moments (PWMs) for the estimation of the parameters of both Wakeby and generalized extreme value distributions and their application to flood hydrology.
The following conclusions in particular are drawn from the present investigation: (a) The Wakeby distribution is widely recognized as a probability distribution which can deal with samples originating from a wide variety of formative processes. It is, therefore, a quite versatile distribution, which may explain its utilization in the hydrology of floods. The flexibility of the Wakeby distribution is accounted for by its five parameters, which offer considerable versatility in modelling natural events, in particularly those that emanate from separate generation processes and are more accurately modelled by mixture distributions. However, a larger number of parameters requires a more extensive database for the estimation process to be statistically efficient and unbiassed. (b) The use of PWMs removes much of the subjectivity (apart from the treatment of outliers) of techniques such as the graphical plot of Q against T on Gumbel or probability paper, and it is simpler than the method of maximum likelihood. A further advantage of the PWM method is the ease with which it may be implemented on a computer. It is also widely recognized as a method which fits observed data very well in cases where the coefficient of variation of the record is less than about 0.7. In general, the lower the coefficient of variation, the better the fit. (c) The Wakeby/PWM method requires a larger data base to provide reasonable, unbiassed estimation of parameters than the GEV/PWM method. This conclusion is dependent upon the application of the parameter estimation procedure as evolved by Greenwood et al. (1979) .
(d) The Wakeby distribution is more sensitive to outliers and short record length sites and shows a tendency to produce higher estimates than the GEV distribution, particularly for return periods greater than 500 years. It is unfortunate that in most dam safety investigations the focus of interest is on events with return periods lying between 500 and 10 000 years and therefore suffers from this tendency. (e) At-site estimation of a very extreme event such as a 10 000 year flood using typically available record lengths is nothing more than a well-informed guess and in many instances will provide an inadequate estimate of a design flood. This conclusion is reinforced by the fact that estimating procedures often show a wide range of different estimates for far less extreme events. (f) The results produced using the RADMAX procedure and employing the UK Flood Studies Report unit hydrograph method were comparable to those obtained with other techniques. The results indicate that the methodology developed could have been appropriately employed for the design and safety evaluation of Stocks dam. It is suggested that this procedure should be further developed with a view to using the extensive radar storm data archive that will naturally result from the UK weather radar network. (g) Radar calibration (presently performed in real time using a limited number of raingauges by the UK Meteorological Office) is a crucial element when considering the utilization of the radar data archive in such studies. It is widely recognized, however, that any attempt to obtain from raingauges the spatial resolution provided by radars would not be economically viable. The utlization of radar storm data may allow the application of PMP/PMF procedures using archive data providing the off-line calibration of the data is satisfactory. Further studies are underway (Cluckie et al, 1989) to assess the sensitivity of such calibration procedures and to develop alternatives if required. The conclusions above highlight the potential for additional work. Further study and development in the areas described below are recommended as a direct consequence: (a) Currently considerably attention is being given to re-evaluating the design flood for existing dams, and as may be inferred from the statistical analyses carried out in this paper, the acquisition of new information may change the estimates considerably. It is advisable, therefore, that a periodic re-estimation of the design flood should be carried out as a natural component of reservoir safety analysis. This will not only allow the absorption of new information from data but also the application of better techniques of flood estimation in the light of increasing knowledge. (b) Classifying dams according to their hazard potential presents considerable difficulty, and risk analyses are largely based upon subjective criteria. It would be helpful to include risk analysis procedures in further studies and to some extent this has been included in various aspects of reservoir safety research programmes. (c) Regionalization methods are needed to cope with the uncertainty inherent in statistical procedures by increasing the available quantity of information. The use of regionalization procedures is strongly recommended when statistical analyses are carried out. Indeed some workers have gone so far as to conclude that the only procedure to apply for the estimation of medium to large floods is a regional statistical analysis. (d) The inclusion of outliers in a data set tends to lead to much higher flood estimates for the longest return periods, and intuitively it seems unreasonable to place so much emphasis upon a few data values out of a considerably larger data set. However, a better method of dealing with outliers needs to be investigated in the formulation of generalized extreme values and Wakeby distributions using probability weighted moments as this seems to be an otherwise acceptable method. (e) The causative factors of a 10 000 year flood are unlikely to be the same as those which cause, for instance, the mean annual flood. Furthermore, simulating a small storm prior to the event producing the probable maximum precipitation may or may not be feasible, depending upon the physical characteristics and magnitudes of the two storms. Facts such as these suggest that a thorough investigation of storm models should be carried out. In addition, meteorological studies could also improve the determination of the so-called homogeneous regions used in the regionalization procedures. (f) The investigation of climate changes could well be analysed in more detail in future studies. This topic has been attracting the attention of scientists and engineers and could be an additional reason for recognizing how valuable probable maximum precipitation estimations can be as a procedure for extreme flood estimation. (g) The RADMAX procedure developed during the course of this investigation constitutes a useful tool for designers of dams, and further improvement and refinement are recommended. The present computer code is implemented upon a DEC VAX computer and future development will focus upon modern workstations. (h) An investigation into the influence of radar accuracy and of the utilization of different calibration methods upon probable maximum flood estimates would be useful and will be carried out in future studies. It is envisaged that the RADEN model previously developed at the University of S Paulo, Brazil (Pessoa, 1986) will be utilized in consort with the GBDM model developed by Yu (1988) . Weather radars have enormous potential for hydrometeorological studies and their utilization could improve the accuracy of design flood estimates. Their use for mitigating against the hazard of hydrologically induced failure of hydraulic structures is a further possibility in both urban as well as rural flood estimation. August 21-23, 1991 to be held in Tulsa, Oklahoma, USA A considerable amount of research has been carried out in the USA on the applications of boundary element methods. Most of this work has originated at new centres and consequently is not fully appreciated by the international scientific community. The emphasis of this conference is to bring together scientists and engineers involved in boundary element research throughout the world and in particular to highlight the advances made by USA colleagues.
The international Conference on Boundary Element Methods in Engineering has become the established forum for innovations in boundary element research since the first conference started at Southampton University in 1978. The meeting is held every year in a different location, trying to alternate between USA, Europe and Japan.
The edited Proceedings of these meetings have always reflected the state of the art in boundary element research and constitute a record of the latest developments in the technique before they appear in other publications.
The Conference has held a special appeal to younger researchers who are actively involved in advances in boundary elements. The meeting is a unique forum in which they can present and discuss their ideas with their colleagues. The Conference has always been characterized by its atmosphere of friendship, collaboration and mutual respect which are trademarks of authentic researchers.
The Conference will also include a series of invited lectures given by Boundary Element Researchers at the forefront of advanced application and a few review lectures to summarize Boundary Element progress in a particular field.
